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Abstract: Green nanocomposites based on renewable plant oils and polyhedral oligomeric 

silsesquioxanes (POSS) have been developed. An acid-catalyzed curing of epoxidized plant 

oils with oxirane-containing POSS derivatives produced transparent nanocomposite coatings 

with high gloss surface, in which the organic and inorganic components were linked via 

covalent bonds. The hardness and mechanical strength were improved by the incorporation 

of the POSS unit into the organic polymer matrix. Nanostructural analyses of the 

nanocomposites showed the formation of homogeneous structures at the micrometer scale. 

On the other hand, such improvements of the coating and mechanical properties were not 

observed in the composite without covalent bonds between the plant oil-based polymer and 

POSS unit. The study demonstrates the correlation between the nanostructure of composites 

and macroscopic properties. 

Keywords: polyhedral oligomeric silsesquioxane; renewable resource; epoxidized plant oil; 

hybrid material 

 

OPEN ACCESS 

mailto:tsujimoto@chem.eng.osaka-u.ac.jp


Metals 2015, 5 1137 

 

 

1. Introduction 

Recently, there has been an enormous interest in organic-inorganic nanocomposites as next 

generation materials because of their high potentials to realize novel properties and to tailor these 

properties. When the sizes of organic and inorganic components approach the nanometer scale, 

synergistic combination of their individual properties will provide new nanocomposite materials with 

improved properties [1–4]. 

Polyhedral oligomeric silsesquioxanes (POSSs) consist of inorganic framework made from a 

proportion of silicon and oxygen (SiO1.5). Octahedral derivatives are the most representative ones of this 

family. POSSs have been extensively studied as a starting substrate to construct nanocomposites with 

precise control of nanoarchitecture and properties [5–11]. However, the procedure of blending POSS in 

a polymer matrix often meets severe problems with aggregation of POSS units, limiting the POSS 

amount introduced deteriorating the properties [12–14]. So far, a variety of functional POSS derivatives 

have been developed. Polymerizable POSS macromers, such as vinyl-functionalized POSS and  

oxirane-functionalized POSS, have been employed to copolymerize with organic monomers to afford a 

variety of polymer/POSS nanocomposites [15–27]. Polymerizable POSSs make a covalent attachment 

to a polymer matrix possible, and POSS units are well-dispersed in a polymer matrix. Lee and 

Lichtenhan used macromers of oxirane-functionalized POSS in reaction with diglycidylether of 

bisphenl-A in order to change the vitrification temperature [28]. Laine et al. synthesized two  

oxirane-functionalized POSSs and prepared POSS nanocomposites with diaminodiphenylmethane as a 

hardener [29]. Zheng et al. investigated the morphology and thermal properties of POSS containing 

epoxy hybrid [30]. In these cases, the nano-sized cage structures are incorporated into common plastics 

by copolymerization or grafting to improve their various properties such as thermal stability, oxidation 

resistance, oxygen permeability, low permittivity, and low refractive index. This may be because 

uniformly dispersed organic/inorganic components synergistically change bulk properties. 

Worldwide potential demands for replacing petroleum-derived raw materials with renewable  

plant-based ones in production of polymeric materials are quite significant in the social and 

environmental viewpoints [31]. Using such plant-based raw materials contributes to global sustainability 

without depletion of scarce resources. Furthermore, bio-based materials may offer the advantages of 

biodegradability and utility in composting subsequent to their primary use. Among them, natural plant 

oils, such as soybean, palm, canola, and sunflower oils, are expected as an ideal alternative chemical 

feedstock, since plant oils are found in abundance in the world. Triglyceride oils have been extensively 

used for various applications such as coatings, inks, agrochemicals etc. [32]. These oil-based polymeric 

materials, however, do not show properties of rigidity and strength required for structural applications 

by themselves. In some cases, therefore, triglyceride was a minor component in polymeric materials; 

this is used solely as a modifier to improve their physical properties. 

Epoxidized plant oils are commercially available as stabilizers for the processing of poly(vinyl 

chloride) and modifiers for coatings [33,34]. Acrylates and polyols derived from epoxidized plant oils 

have also been used as a monomer for preparation of bio-based polymeric materials. Furthermore, 

various cationic polymerization of epoxidized plant oils can be achieved by photoinitiators, latent 

catalysts, or acid catalysts. These epoxy compounds from renewable resources possess high potential as 

a starting material for bio-based thermosetting plastics [35–38]. The composites of plant oil-based 
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network polymers from epoxidized plant oils and inorganic substances were developed [39–41]. The 

acid-catalyzed curing of epoxidized plant oils in the presence of an organophilic montmorillonite 

produced the triglyceride-clay composites with homogeneous structure, in which silicate layers of the 

clay were intercalated and randomly distributed in the polymer matrix. The barrier property of the plant 

oil-based network polymer toward water vapor was remarkably improved by the incorporation of the 

organophilic clay. The curing of epoxidized plant oils with 3-glycidoxypropyltrimethoxysilane  

produced biodegradable nanocomposites, in which both oxirane groups of epoxidized plant oil and  

3-glycidoxypropyltrimethoxysilane were copolymerized to produce an organic polymer matrix, 

simultaneously forming silica network. 

This study deals with synthesis of new green nanocomposites from epoxidized plant oils and  

oxirane-containing POSS derivatives. The introduction of the oxirane-containing POSS is anticipated an 

uniform distribution in the polymer matrix by the copolymerization of epoxidized plant oils and POSS 

derivatives, and an improvement of coating and mechanical properties of plant oil-based network 

polymer. In this study, three POSS derivatives were used for preparation of green nanocomposites 

(Figure 1). 

 

Figure 1. Structure of POSS used in this study. 

2. Experimental Section 

2.1. Materials 

Epoxidized soybean and linseed oils (ESO and ELO) were gifts from Kao Co. (Tokyo, Japan) and 

Daicel Co. (Osaka, Japan), respectively. A thermally-latent cationic catalyst (benzylsulfonium 

hexafluoroantimonate derivative, Sun-Aid SI-60L) was provided by Sanshin Chemical  

Industry Co. (Yamaguchi, Japan) Tris(glycidoxypropyl)dimethylsiloxyphenylsilsesquioxane (POSS-1), 

octakis(glycidoxypropyl) dimethylsiloxyphenylsilsesquioxane (POSS-2), and octaphenylsilsesquioxane 

(POSS-3) were provided by JNC Petrochemical Co. (Tokyo, Japan). 
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2.2. Synthesis of Green Nanocomposites 

The following procedure was typically used in the synthesis of green nanocomposites. A mixture of 

ESO (1.8 g) and POSS-1 (0.2 g) was dissolved in 3 mL of chloroform, and a thermally-latent cationic 

catalyst (20 μL) was added to the solution. The solution was coated by using a film applicator with slit 

thickness of 50 μm on a glass plate, and then the solvent was allowed to evaporate at room temperature. 

The residual mixture was kept at 140 °C for 2 h to give ESO/POSS-1 nanocomposite (90:10 wt%).  

For evaluation of mechanical properties, a test piece of 1 mm width was prepared in a Teflon mold  

(17 mm × 40 mm × 1 mm) under the same conditions. Other composites were synthesized by a  

similar procedure. 

2.3. Measurements 

1H nuclear magnetic resonance (NMR) spectrum was recorded on a Bruker DPX-400 instrument 

(Bruker Co., Billerica, MA, USA). Epoxidized plant oil was dissolved with chloroform-d, and the 

solution was measured with tetramethylsilane as an internal reference. Fourier-transform infrared 

spectroscopy (FT-IR) was measured at room temperature by a Spectrum One (Perkin-Elmer Inc., 

Waltham, MA, USA). In all cases, 16 scans were used to record the spectra. Transmission electron 

microscopy (TEM) and electron probe X-ray microanalysis (EPMA) image were obtained by using a 

JEM-1220 (JEOL Ltd., Tokyo, Japan) at an accelerating voltage of 100 kV and a Horiba E-MAX 7000 

(Horiba, Ltd, Kyoto, Japan) at accelerating voltage of 10 kV, respectively. Film properties were 

evaluated by a Fischerscope H100VS microhardness tester (Fischer Technology Inc., Sindelfingen, 

Germany) with a test force of 40 mN. The total work and elastic deformation volumes were calculated 

by the area of the compression curves of the loading and unloading process. Gloss value of the films was 

measured at 60° by a Horiba IG-330 gloss checker (Horiba, Ltd, Kyoto, Japan). Dynamic mechanical 

analysis (DMA) was carried out by using an Exstar 6000 (Hitachi High-Tech Science Co., Tokyo, Japan) 

with frequency of 1 Hz at a heating rate of 3 °C·min−1. Tensile properties were measured by a RTM-500 

(Orientec Co., Tokyo, Japan). 

3. Results and Discussion 

3.1. Synthesis of Green Nanocomposites 

In this study, epoxidized soybean and linseed oils (ESO and ELO) were used as monomers for organic 

matrices. The oxirane group numbers of ESO and ELO per molecule, determined by 1H-NMR, were 3.4 

and 5.5, respectively. A mixture of the epoxidized plant oil, POSS, and thermally-latent cationic catalyst 

was coated on a glass slide, followed by the curing at 140 °C for 2 h to produce green nanocomposites 

with high transparency. The resulting nanocomposites were insoluble for common organic solvents and 

water. During the reaction, the oxirane groups of epoxidized plant oil and POSS reacted with each other 

to form the network structure. 

In the FT-IR spectrum of the green nanocomposite, a characteristic peak at ca. 820 cm−1, ascribed to 

the C-C antisymmetric stretch of the oxirane groups of epoxidized plant oil and POSS, was not observed, 
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and a broad peak centered at 3400 cm−1 arising from the O-H stretch appeared (Figure 2). These data 

indicate the consumption of oxirane groups and the formation of hydroxyl-terminated network structure. 

 

Figure 2. FT-IR spectra of (a) ESO; (b) POSS-1; and (c) ESO/POSS-1 nanocomposite (90:10 wt%). 

3.2. Nanostructural Analysis of Green Nanocomposites 

The nanostructure of ESO/POSS-1 nanocomposite was observed by TEM and electron probe X-ray 

microanalysis (EPMA) (Figure 3). The theoretical size of POSS compounds is 1–3 nm. If a few cubes 

form clusters, their sizes easily reach 10–20 nm. In the TEM image of the ESO/POSS-1 nanocomposite, 

some small clusters were observed and the cohesions were dispersed in the plant oil-based organic 

matrix. The EPMA image showed uniform dispersion of inorganic particles in nanometer-size. These 

data indicate the formation of homogeneous structure of the nanocomposites. On the other hand, the 

ESO/POSS-3 (95:5 wt%) composite, in which the organic polymer and POSS were not linked via 

covalent bonds was opaque. This is because of the aggregation of POSS components in millimeter-size. 

Furthermore, the ESO/POSS-3 composite with 10 wt% of POSS-3 was not obtained due to the 

aggregation. There were in contrast with the TEM and EPMA images of the ESO/POSS-1 nanocomposite. 

These data strongly suggest that the covalent bonds between the organic and inorganic units suppress the 

aggregation of POSS and are required for the plant oil-based nanocomposites. 

 

Figure 3. TEM and EPMA images of ESO/POSS-1 nanocomposite (90:10 wt%). 
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3.3. Film Properties of Green Nanocomposites 

The film properties of the green nanocomposites from epoxidized plant oil and oxirane-containing 

POSS (POSS-1 and POSS-2) were investigated and were summarized in Table 1. The ESO homopolymer 

was a soft film with pencil scratch hardness of 2B, and the surface was tacky. On the other hand, the 

transparent films with glossy surfaces were obtained by the addition of 10 wt% POSS-1 or POSS-2. The 

gloss values of the ESO-based nanocomposites at 60° were 113 (POSS-1) and 114 (POSS-2), 

respectively. The pencil scratch hardness, universal hardness, and Young’s modulus of the ESO-based 

nanocomposites were superior to those of the ESO homopolymer, indicating efficient reinforcement by 

the introduction of POSS units. The epoxy value of POSS-2 is lower than that of ESO and POSS-1. The 

hardness and Young’s modulus of the ESO/POSS-2 nanocomposite were larger than those of the 

ESO/POSS-1 nanocomposite, which might be because of the higher content of the reactive oxirane 

groups of POSS-2. We also measured We/Wtot of the films (We: work volume of elastic deformation; 

Wtot: total work volume), which could be regarded as elasticity. The value of the nanocomposites was slightly 

lower than that of the ESO homopolymer, probably due to the introduction of the inorganic components. 

Table 1. Film properties of green nanocomposites. 

Entry 
Epoxidized 

Plant Oil 
POSS a 

Pencil Scratch 

Hardness 
Universal Hardness b/N·mm−2 

Young’s 

Modulus b/MPa 
We/Wtot b,c/% 

1 ESO -d 2B 9 210 90 

2 ESO 1 (10) 2H 16 450 78 

3 ESO 2 (10) 4H 23 700 68 

4 ELO -d 2H 47 1190 45 

5 ELO 1 (10) 5H 49 1620 39 

6 ELO 2 (10) > 6H 55 1760 42 

a In parenthesis: amount of POSS (wt%); b Determined by microhardness tester; c We: work volume of elastic deformation; Wtot: total work 

volume; d No additive. 

   

(a) (b) (c) 

Figure 4. Relationships between feed ratio of POSS-1 and film properties of ESO/POSS-1 

nanocomposite; (a) hardness; (b) Young’s modulus; and (c) We/Wtot. 

Figure 4 shows relationships between the feed ratio of POSS-1 and film properties of the ESO-based 

nanocomposite coatings. The universal hardness and Young’s modulus of the nanocomposite increased, 

and We/Wtot slightly decreased as a function of the feed ratio of POSS-1. The ELO/POSS nanocomposites 

were prepared by similar procedures. By the addition of POSS units, the hardness and Young’s modulus 
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of the nanocomposites were also improved in comparison with those of the ELO homopolymer. The 

ELO-based nanocomposites showed harder coating properties than the ESO-based nanocomposites. This 

is due to the higher content of the reactive oxirane groups in ELO, resulting in the higher crosslinking 

density of the polymer matrix. 

3.4. Thermal and Mechanical Properties of Green Nanocomposites 

In order to evaluate reinforcement effects of the introduction of POSS units, DMA as a function of 

temperature was preformed. The storage modulus (Eʹ) and loss factor (tanδ) of the ESO homopolymer 

and the ESO/POSS-1 nanocomposite (90:10 wt%) are shown in Figure 5. A peak attributed to the glass 

transition, and an absence of a secondary tan δ peak were observed for the nanocomposite, supporting 

the homogeneous structure of the nanocomposite. The glass transition temperature (Tg) of the 

nanocomposite (9 °C) was higher than that of the ESO homopolymer (−10 °C). At higher temperature, 

Eʹ of the nanocomposite was larger than that of the ESO homopolymer, which is due to the reinforcement 

by the introduction of the inorganic components. Above Tg, Eʹ of the nanocomposite was almost 

constant, indicating the quantitative consumption of the oxirane groups, which was also confirmed by 

FT-IR (Figure 2). 

 

Figure 5. Dynamic viscoelasticity of (a) ESO homopolymer and (b) ESO/POSS-1 

nanocomposite: (A) storage modulus (Eʹ); (B) loss factor (tanδ). 

Table 2. Mechanical properties of green nanocomposites. 

Entry 
Epoxidized 

Plant Oil 
POSS a Tg b/°C E'+ 100 °C b/× 107 Pa 

Crosslinking  

density b/× 10−3 mol·m−3 

Tensile  

Modulus c/MPa 

Maximum 

Stress c/MPa 

Strain at 

Break c/% 

1 ESO - d −10 3.1 3.15 13 1.0 9 

2 ESO 1 (10) 8 5.6 5.48 18 2.5 20 

3 ESO 2 (10) 9 5.7 5.96 15 2.7 17 

4 ESO 3 (5) −7 3.4 3.43 14 1.1 10 

5 ELO - d 48 9.1 9.97 240 15.7 6 

6 ELO 1 (10) 55 12.0 13.3 260 16.9 11 

7 ELO 2 (10) 54 14.2 15.6 280 18.1 9 

a In parenthesis: amount of POSS (wt%); b Determined by DMA; c Determined by tensile rest; d No additive. 

Table 2 summarizes the results of DMA and tensile test of the nanocomposites. The increase of  

Tg was observed for all the nanocomposites of POSS-1 and POSS-2. In case of the ESO/POSS-3 composite, 

such increase was not found. This is because of the structural difference of the nanocomposites at the 



Metals 2015, 5 1143 

 

 

nanometer scale. These results suggest that the nanoarchitecture manipulation is clearly related to 

improvement of the bulk properties of the hybrid materials. 

The crosslinking density (ρ) was determined by using kinetic theory of rubber elasticity as follows [42]; 

ρ = Eʹ/3φRT (1)  

where Eʹ is storage modulus at peak temperature of tan δ + 40 °C, φ is a front factor (assumed as φ = 1), 

R is gas constant, and T is absolute temperature. The crosslinking density of the nanocomposites was 

larger than that of the corresponding plant oil-based homopolymers. Such increase of the crosslinking 

density was not observed in the ESO/POSS-3 composite. The introduction of POSS units into plant  

oil-based polymer network via covalent bonds restricted the segmental motion of the polymer chain and 

the covalent bond between the plant oil-based polymer and POSS units prevented the aggregation of 

POSS units. As a result, POSS units were well-dispersed in the organic matrix for the ESO/POSS-1 and 

ESO/POSS-2 nanocomposites. 

Figure 6 shows strain-stress curves of the ESO homopolymer and the ESO/POSS-1 nanocomposite. 

For ESO/POSS-1 nanocomposite, the maximum tensile stress was much improved, whereas the tensile 

modulus of the nanocomposite was only slightly larger than that of the ESO homopolymer. The 

elongation at break of the nanocomposite was larger than that of the ESO homopolymer. Similar 

behaviors were observed in the ESO/POSS-2 and ELO-based nanocomposites (Table 2). On the other 

hand, such improvements in the mechanical properties were not found in the ESO/POSS-3 composite, 

suggesting that nanoarchitecture manipulation strongly affected the mechanical properties. The tensile 

modulus and maximum stress of the ELO-based nanocomposites were enormously larger than those of 

the ESO-based nanocomposites, which is due to higher crosslinking density of the ELO polymer matrix. 

These data are in good accordance with those of the film properties (Table 1). 

 

Figure 6. Strain-stress curves of (a) ESO homopolymer and (b) ESO/POSS-1 

nanocomposite (90:10 wt%). 
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4. Conclusions 

In this study, green nanocomposites based on renewable plant oils and POSS have been developed. 

The acid-catalyzed curing of epoxidized plant oil and the oxirane-containing POSS produced the 

transparent nanocomposites, in which the organic and inorganic components were linked by covalent 

bonds. The TEM and EPMA images revealed the homogeneous structure of the nanocomposites at 

micrometer scale. The incorporation of POSS units greatly enhanced the coating and mechanical 

properties of the nanocomposites. The present study clearly showed that the nanoarchitecture 

manipulation offered improvement of the bulk properties of the composite materials. 
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